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Abstract

Semiconductor photocatalyst mediated advanced oxidation processes are regarded as one of the
most efficient technologies to mitigate organic pollutants in water. However, poor activity under
visible light and the recombination of photogenerated electron and hole pairs hinder large scale
applicability of semiconductor photocatalysts for water purification. The modification of
semiconductor photocatalysts with carbon quantum dots (CQDs) is of high importance due to
low toxicity, aqueous stability, enhanced surface area, economic feasibility, good
biocompatibility and chemical inertness of CQDs. In this review, we highlight strategies to
improve the activity of conventional semiconductor photocatalysts via coupling with CQDs. The
enhanced photocatalytic activity of CQD modified narrow and wide band gap photocatalysts is
due mainly to up-conversion photoluminescence (UPCL) and the electron reservoir properties of
CQDs, while in the case of Z-scheme photocatalysts CQDs act as an electron mediator. Finally, a
conclusive outlook and suggested research directions are provided to address challenges such as

the inadequate separation of photoinduced charge carriers.
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Highlights

Highlights

e Overview of recent development in Carbon Quantum dots (CQDs) based
photocatalysis.

e Integration of CQDs with other photocatalysts for enhanced photocatalysis.

e Elaboration of CQD’s role in enhanced photocatalytic water purification.

e Future scope of CQDs based photocatalyst in wastewater treatment.



Abbreviations

AOPs : Advanced oxidation processes; Ag: Silver; eAg: Silver radical; Ag,O: Silver oxide;
ARS: Alizarin red S; BDA: Butanediamine; Bi,O,COs5: Bismuth subcarbonate; BiOBr: Bismuth
oxybromide; BiOCIl:  Bismuth oxychloride; BiOX: Bismuth oxyhalide; BiOI: Bismuth
oxyiodide; BPA: Bisphenol A; CdS: Cadmium sulphide; CQDs: Carbon quantum dots; CCly:
Carbon tetrachloride; CIP: Ciprofloxacin; CV: Crystal violet; DEA: Diethylamine; DCM:
Dichloromethane; eV: Electron volt ; e : Electron; EDTA: Ethylene diamine tetra acetic acid;
Fe,Os:Ferric oxide; GQDs: Graphene quantum dots; h*: Hole; H,0,:Hydrogen peroxide; eOH:
Hydroxyl radical; MO: Methylene orange; MB: Methylene; MV: Methylene violet; mA: Micro
ampere; KH;POs:Mono potassium phosphate; NAC: N- acetyl- L- cysteine; NA,HPOys:
Disodium phosphate; NIR: Near infrared; HNOs: Nitric acid; N-CQDs: Nitrogen doped carbon
quantum dots; O,: Oxygen; 0O, :Oxygen radical; PEG: Polyethylene glycol;  PL:
Photoluminescence; PEG: Polyethylene glycol; PNP: p-nitrophenol ; Ph R: Phenol red; ROS:
Reactive oxygen species; rpm: Revolutions per minute; Rh B: Rhodamine B; RT: Room
temperature; SiO: Silicon dioxide; CH3COOAg: Silver acetate; AgzPOy: Silver phosphate;

H,SO4: Sulphuric acid; TEA: Triethylamine; TC: Tetracycline



1. Introduction

Environmental pollution has been a major concern for human health with intense
industrial development (Zhang et al., 2017; Raizada et al., 2017a). The concerns allied with
harmful and toxic pollutants in water bodies have attracted global consideration (Raizada et al.,
2017a; Singh et al., 2013a). The disposal of chemicals has led to contamination of lakes, rivers,
oceans and groundwater aquifers (Sudhaik et al., 2018a; Gupta et al., 2014). Multifarious
exactor pollutants are identified in the aquatic environment, such as surfactants, textile dyes,
heavy metals, insecticides, and pesticides (Oliveira et al., 2010). Much research has focused on
the exclusion of harmful contaminants from polluted waters and to abate their hazardous effect
on ecosystems (Priya et al., 2016; Raizada et al., 2016a). Till now, various conventional methods
like filtration, reverse osmosis, sedimentation, adsorption, biological and chemical techniques,
coagulation, etc. have been extensively used for water decontamination (Sharma et al., 2018;
Singh et al., 2016). However, the efficacy of these technologies is not satisfactory for the
treatment of wastewater which contains multifarious contaminants such as organic solvents,
pharmaceutical wastes, pesticides, and domiciliary chemicals (Singh et al., 2017; Sudhaik et al.,
2018b). In the case of adsorption, activated carbons are usually used in adsorption of a wide-
ranging array of water contaminants, but its adsorbent capability gradually diminishes as the
number of cycles increases (Shandilya et al., 2018; Priya et al., 2016). Also, regeneration of
traditional adsorbents requires a vacuum or steam source and major by-products generated can
lessen the efficacy of the process. Under normal conditions, reverse osmosis has an extreme level
of refusal for strong electrolytic solutes at high concentrations. In addition, ion-exchange
produces an excessive amount of harmful wastes, and the treatment process uses a large amount

of energy and materials and is therefore restricted (Singh et al., 2018a; Hasija et al., 2019).



Recently, advanced oxidation processes (AOPs) have drawn attention in treating
wastewater because of their capability in the degradation of a wide range of organic chemicals
( ; ). Among AOPs, visible light assisted oxidation
processes have attracted tremendous attention due to good stability, low cost, energy efficiency,
and eco-friendly nature ( ). This technique has been exploited for
remediation of a wide range of aqueous contaminants in water over the past 30 years (

). Under light absorption, pollutant molecules pass off photo-oxidative reactions which
cleave contaminants into small molecular weight substances and change their chemical,

mechanical and physical properties to generate innocuous products ( ).

The main roadblocks limiting wide-scale acceptance of this process are the insufficiency
of commercially available visible light absorbing photocatalyst materials and ineffective
separation of photogenerated electron and hole pairs ( ). The development of
commercially accessible and absolute visible light absorbing photocatalyst is a crucial step in the
efficient degradation of water pollutants ( ; ). During last
four decades, various semiconductor photocatalyst like Ag,PO,, BiOBr, BiOCl, BiOI, Agl,
ZnFe,O,, COFe,0,, BiVO,, Ta;N,, MnFe,O,, CaFe,0,, BiFe,0,, TaON, g-C;N,, ZrO,, etc. have
been used as photocatalysts for degradation of contaminants and their number is constantly
growing ( ; ). Band gap is an important parameter in
defining the applicability of a semiconductor in a specific photocatalytic reaction. The
fundamental principle of semiconductor photocatalyst relies on e/h* excitation. The electrons in
wide band gap (E, > 3 eV) semiconductor photocatalysts could be excited only through UV light
as they demand additional energy for electron excitation. On the other hand, electrons in narrow

band gap (E; < 3 eV) semiconductor photocatalysts could be excited by visible light as they



don’t need additional energy for electron excitation. Also, the electrons in narrow band gap
semiconductor photocatalysts undergo fast recombination of photo-generated charge carriers
( ). Non-natural UV resources are costly and UV light demands more
protection for their utilization in water purification ( ; ). Some
other limitations of unmodified photocatalysts have been stated like low degradation kinetics,

deficient mineralization of contaminants, and accumulation of catalyst particles in liquid solution

( ).

To overcome the above shortcomings, various strategies like immobilization of
photocatalysts onto organic/inorganic support materials such as ceramics, activated carbon, and
zeolites have been investigated ( ; ). These methods result
in less agglomeration of the photocatalyst in a reaction solution. Moreover, the fabrication of
magnetically recoverable and competent photocatalysts is another area of interest (

; ). Recently, nanostructured heterojunction which is formed between
two or more semiconductor photocatalysts has got substantial attention. The heterojunction
photocatalysts are utilized to enhance separation of photogenerated charge carriers, to tune the
band gap and to make photocatalyst active over a wider spectrum for more effective

photocatalytic oxidation reactions ( ; ).

The carbonaceous substances like activated carbon, graphene, graphitic carbon nitride,
carbon nanotubes, and CQD are environmentally and biologically viable materials as compared
to inorganic compounds ( ; ). The carbon materials are used in
the fabrication of nanocomposites as dispersants, adsorbents, and supports for expanding the
surface area of photocatalysts ( ). The fluorescent-based quantum dots are

generally of two kinds: graphene quantum dots (GQDs) and carbon quantum dots (CQDs) (
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). CQDs are sp3 hybridized and amorphous whereas GQDs are sp2 hybridized and
crystalline. The size of CQDs is less than 10 nm and fluorescence is due to surface defects. The
size of GQDs is 2-20 nm and their fluorescence is due to quantum confinement (

). Carbon quantum dots (CQDs) are of exclusive interest as an innovative family of
materials for semiconductor photocatalysis ( ; ). CQDs are
fabricated using carbonization and oxidation, microwave method, electrochemical routes and
hydrothermal methods ( ). The precursors such as citric acid, candle soot,
lampblack, glucose, papaya, tulsi leaves, grass, sweet red pepper, watermelon peels, garlic,

chitin, chitosan, starch, cashew gum, lotus root, pomelo peel, potato, dextrin, glycine, rice

flour, etc. have been used for CQDs fabrication ( ; ). The
benefits of using natural resources for synthesis of CQDs are eco-friendly and cheap. The green
synthesis methods are highly acceptable than chemical and physical methods. The researchers

are encouraged to develop various new routes using naturally available carbon sources (

; ).

In order to study historical and present trends of researches on carbon quantum dots-
modified supported photocatalysts for effective degradation of organic pollutants, a bibliometric
scrutiny has been carried out using ‘Scopus’ database. Bibliometric study is an effectual method
for assessing quantitative trends and historical development of research publications in a listed
topic. ( ). As per Scopus data, 1335 research articles were keyword “CQDs and
photocatalyst” ( a). On average, 135 research articles have been published per year. The
most accessed articles are published in Journal of Cleaner Production, Journal of Photochemistry
and Photobiology C: Photochemistry Reviews, Advances in Colloid and Interface Science, Nano

today, Applied Catalysis B: Environmental, due to their significance to selected topic and details



in their articles ( ). Most of the reviews on carbon quantum dots
summarize their synthesis from various precursors, characterization and various applications
such as solar water splitting, CO, conversion, bio-imaging, targeted drug delivery, catalysis and
solar cells ( b). This review considered the use of CQDs modified semiconductor
photocatalysts for the degradation of various organic pollutants, mechanism behind the designing
of an effective photocatalyst, generation and transfer of charge carriers in modified photocatalyst

and current findings on photostability and recyclability of CQDs modified photocatalysts.

< Please insert Fig. 1 here>
2. Mechanism of reaction between aqueous phase pollutants and semiconductor

photocatalyst

In photocatalytic reactions, upon light irradiation and activation of semiconductors, e /h*
pairs formed through migration of photo-generated electrons from valence band (VB) to
conduction band (CB) ( ). The photogenerated e/h*
pairs imitate oxidation and reduction reactions on the surface of photocatalyst, producing
reactive oxygen species (ROS) like superoxide and hydroxyl radicals ( ;

). The formed radicals interact with molecular structures of contaminants
which decompose into less hazardous materials. There are several publications focusing on basic
degradation mechanism of organic chemicals in the photocatalysis process ( a) (

). The photocatalytic mechanism is explained by the following equations (
). The band end positions and redox potential of semiconductor photocatalysts in water (pH
7) are helpful to enhance the reaction selectivity of the reactant without negating the conversion
( b). For photocatalytic degradation, reactive oxidative species are generated from reduction

of O, driven by photo-induced electrons in the CB of OH radicals and formation of OH radicals
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by photo-induced holes with strong oxidation capacity.

AOP's + OH - - Pollutant molecule - CO, + H,0 + Inorganic ions

Pathway of charge separation for ROS production:

Photocatalyst + hv - e~ (conduction band) + h* (valence band)

0,+e” -0, E,/ =-033V

HO, -0,  pK,=48

02 + 2H+ +e - H202 EOI == 089V

H,0, -» HO; + H* pK, =117

0, +2H* +2¢~ > H,0, E, =028V

H,0, + e~ > OH™ + OH E,' = 0.38V

H,0 +h* > OH + H* E, =232V

OH - 0; + H* pK, =118

2H0,'0, » H,0,

0.2_ + h+ - 102 EOI == O65V

Interaction between radicals:

2H0, — H,0,+ 0,

(1)

(2)

(3)

(4)

(5)

(6)

()

(8)

)

(10)

(11)

(12)

(13)



2HO; + 05~ + H,0 - H,0, + 0, + OH™ (14)

2HO, - H,0, (15)
H,0, + hv(UV) - 20H (16)
H,0,+0, - OH +0,+ OH™ (17)
30, - Photocatalyst intersystem crossing — 10, (18)

Overall photocatalytic oxidation:

ROS, h* + contaminants — oxidised products (H,0, CO,) (19)

0, + contaminants + hv = Photocatalyst — oxidized products (H,0,C0,) (20)

Recombination of electron and hole pairs:

e” +h* - Heat + Radiation less decay (21)

Recombination of photogenerated electrons and holes is a major limitation that reduces the
overall efficiency of photocatalyst process. When recombination occurs, the photogenerated
electrons tend to return back to valance band (VB) with the dissipation of energy as heat or light.
The narrow band gap photocatalysts suffer more from recombination of photogenerated
electron/hole (e/h™) pairs. While wide band photocatalysts are mostly active in UV light. So,
these contradictory factors must be balanced for the fabrication of efficient photocatalytic

systems for water purification ( ).

< Please insert Fig. 2 here>

3. Carbon quantum dots (CQDs) as potential photocatalytic material
9



CQDs are a new family of fluorescence carbon nanoparticles, firstly fabricated by Xu
and co-workers in 2004 by accident and reported as side products in arc discharged soot
generation in the synthesis of carbon nano-tubes ( ). CQDs comprise of
distinct quasi-spherical nanoparticles with a 10-nm particle size ( ;

). They are valuable materials due to small particle size, fine biocompatibility, low cost,
abundant surface functional groups, chemical inertness, low toxicity, broad varying optical
properties, and tunable PL behavior ( ; ). CQDs have found
applications in bio-imaging ( ), electrocatalysis, light emitting diodes,
nanomedicines, bio-sensing, photodegradation, water mitigation, disease detection, drug/gene
delivery, etc. ( ). Mostly, CQDs possess a graphitic sp> core surrounded by sp’
carbons which have various functional groups including C-O, C-O-C, C=0, O=C-OH, etc. (

). They manifest exceptional optical absorption in UV and visible region and have
extraordinary modification capability to alter low energy photons into high energy photons and
are utilized as a spectral converter for using full spectra of sunlight ( ;

). The various roles of CQDs in efficient photocatalysis can be classified as:

1) Acceptor and mediator for conduction band (CB) photogenerated electrons.

2) Improving visible light activity of wide band gap photocatalyst through
photosensitization processes.

3) Reducing agent during the formation of various metal nanoparticles with surface plasmon
resonance (SPR) phenomenon.

4) Efficient harvesting of wide solar spectrum via up-conversion photoluminescence
(UCPL) phenomenon involving the emission of shorter wavelength light than used for

excitation of CQDs.

10



5) Enhanced adsorption of pollutants onto photocatalyst surface.

Moreover, to clarify the complicated optical nature of CQDs, several justifications have
been given such as quantum confinement effect ( a) ( ), surface defect
and m-conjugation. The up-conversion PL activity of CQDs can magnify the range of light
exploitation of nanomaterials from UV to visible range and boost the transfer of electrons (

). The level of oxidation of surface state has a critical role in tunable light emission
( b) ( ). CQDs can replace usual photosensitizers (noble metals, organic
dyes, and metal sulphides) which have toxicity and environmental-unfriendly effects (

). For the fabrication of CQDs, top-down and bottom-up methods are generally used.
The top-up approach uses macroscopic structures initially, which can be controlled externally in
the fabrication of nanostructures. The bottom-up approach includes contraction of material
components with further self-assembly practice leading to the foundation of nanostructures
( ). These approaches can be understood through chemical synthesis and
physical synthesis. Top-down approaches involve electrochemical oxidation, arc-discharge,
ultrasonic synthesis, laser ablation and chemical oxidation which employ macroscopic carbon
sources, whereas bottom-up approaches include template-based chemistry, microwave synthesis,
hydrothermal treatment and thermal decomposition ( ). Li and co-workers used graphite
rods as both cathode and anode for fabrication of CQDs of size 1- 4 nm via an alkali-assisted
electrochemical procedure and exhibited enhanced up-converted PL characteristics which were
size-dependent ( ). In other reported work, biochar has been employed for
fabrication of CQDs as photocatalyst via reflux, annealing, dialysis and centrifugation
treatments. The acid-assisted splitting procedure is a general route for fabrication of CQDs

modified photocatalyst composites from various precursors such as soot, carbon powders, etc.

11



( ; ). CQDs can be employed in the process of photocatalysis as
photosensitizers and electron reservoirs. The fabrication of N-CQDs via an ultrasonic process
with glucose and solution of NH4OH as beginning ingredients was reported by Ma and co-
workers ( ). Cu-N-CQDs was synthesized using Na,[Cu(EDTA)] as a precursor at
250 °C and temperature played a vital role in the production of Cu-N-CQDs. During pyrolysis,
the assembly was converted into a copper-coordinated complex chelated with graphene matrix
( ). Since the photocatalytic mechanism of CQDs modified photocatalyst
composite needs to be entirely explored, several types of mechanisms have been suggested by
researchers working in the field ( ). The aromatic rings of CQDs form n-n stacking
with organic contaminants having aromatic rings, therefore enhancing the adsorption of organic
pollutants. Furthermore, the existence of functional groups such as carbonyl, hydroxyl, epoxy,
and amino groups on the surface of CQDs can interact with several of molecules and metal ions,

leading to enhanced adsorption ( ).

< Please insert Fig. 3 and 4 here>

4. Rational designing of CQD supported photocatalysts

Because of outstanding charge carrier transfer, photosensitization and up-converted PL
(UPCL) effect, CQDs have been utilized for modification of photocatalyst composite to raise
their photocatalytic activity ( ; ). After commencement of
CQDs, expanded the range of photo responding and organized charge separation leads to
enhancement in photocatalytic activity ( ). The mechanism of excitation and
photoactivity of CQDs modified photocatalysts are fully depended on band gap, valence band,

and conduction band. The main cases can be categorized as follows.

12



1. CQDs modified wide band gap photocatalysts (E; > 3 eV).
2. CQDs modified narrow band gap photocatalysts (E; <3 eV).

3. CQDs modified Z-scheme semiconductor photocatalysts.

The mechanism of excitation of CQDs modified narrow band gap semiconductor
photocatalysts can be categorized into two forms on the basis of source of irradiations used for
activation of photocatalysts. Under UV light, CQDs acts as an electron reservoir for trapping
conduction band electrons released from photocatalysts, decreasing the efficiency of the e/h*
recombination process ( a). In case of NIR-visible radiations, CQDs display up-
conversion photoluminescence phenomenon (UCPL) which means that they can act as absorber
of longer wavelength lights in the near-infrared or visible region and emit smaller wavelength
light via up-conversion route and, in turn can stimulate photocatalyst particles to form e /h* pairs
( b). At the same time, CQDs also acts as an electron acceptor for conduction band
electrons of narrow band gap photocatalyst ( ¢). In presence of visible light, CQD accepts
photogenerated electrons from the conduction band of narrow band photocatalyst. Under NIR-
visible light irradiations, photocatalytic activity enhances due to up-conversion
photoluminescence phenomenon and electron sink behavior of CQDs for photogenerated

electrons at conduction band ( d) ( ).

< Please insert Fig. 5 here >

Among various semiconductor heterojunctions, type-II and Z-scheme heterojunction
formation is a facile way for enhancing photocatalytic activity of semiconductor photocatalyst
( ). In type II heterojunction, both valance and conduction band of semiconductor

photocatalysts (SC I) are higher than semiconductor photocatalysts (SC II). So photogenerated

13



electrons at conduction band SC I will migrate towards conduction band SC 1II, while valance
band holes of SC II will transfer to SC L. It results in effective separation of photogenerated
electron pairs. The oxidation reactions of type-II heterojunction photocatalysts occur with lower
oxidation potential SC I as compared to SC II and overall oxidative efficiency was significantly
reduced. In addition, due to hole-hole and electron-electron repulsion, the movement of electron
and holes was restricted. In view of above-discussed drawbacks of the type-II photocatalyst, Z-

scheme heterojunctions are regarded as an effective strategy to form efficient photocatalytic

system ( ).
In the Z-scheme mechanism ( ), photoexcited electrons in conduction band of SC I
transfer to valence band of SC II ( ). This leads to separation of electrons in

conduction band of CQDs with photoexcited holes in valence band of photocatalyst particles
holes accumulated in valence band of CQDs. The electrons accumulated in conduction band of
photocatalyst nanoparticles involve oxidation and reduction reactions. Such a heterojunction
facilitates semiconductor photocatalysts with narrow gaps without losing any robust redox
potential of photo-induced electrons and holes ( ). The first generation Z-scheme
photocatalysts involves the use liquid phase redox ion pairs such as I /105", Fe**/Fe’* as electron
mediators or transfer of photoexcited electrons in conduction band of SC I transfer to valence
band of SC II. However, in these processes, donor (Fe3+) and accepter (Fez+) compete with
aqueous phase pollutant molecules for reduction and oxidation reaction, respectively in
photocatalytic reaction. Therefore, photo-conversion efficiency of liquid phase mediators
supported Z-scheme photocatalytic system will be severely decreased. The redox capability of
photocatalytic system is compromised due to the fact that reduction and oxidation processes arise

on semiconductor with lesser reduction and oxidation potentials, respectively. Light scattering
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effect, slow electron hole-pair transfer due to the diffusion of ion pairs, and pH sensitivity also
restrict the applicability of liquid phase mediators in Z-scheme photocatalysis. Moreover, the
recovery of liquid phase redox ion pair mediator remains as another important issue for large
scale application of theses photocatalytic systems ( ). In order to make practical
utility of Z-scheme photocatalysts, use of noble metals (Au, Ag, and Cu NPs) as solid-state
electron mediators is preferred to facilitate charge carrier separation. However, high cost and
rarity of noble metals severely limit their wide application in the Z-scheme photocatalytic
system. Secondly, owing to the strong light absorption ability of noble metals, the light-
absorption ability of the photocatalyst is greatly reduced by their presence in Z-scheme
photocatalyst via shielding mechanism ( ). The low cost and facile synthesis
methods are the main advantages of CQDs over noble metals. CQDs can facilitate Z-scheme
process by acting as a mediator for transfer photo-generated conduction band electrons of SC I to
valence band of SC II ( ).
< Please insert Fig. 6 here>

5. CQDs modified wide band gap photocatalysts (E; > 3 eV).

Wide band gap semiconductor such as TiO,, ZnO, BiOBr, etc. has been acknowledged as an
excellent material for photocatalysis because of their large band gap, non-toxic nature, high
photosensitivity, photochemical stability and low cost ( ; ). Also,
wide band gap of TiO; can only exploit from UV light of sunlight, which forms only a minor
fraction of the whole solar spectra reaching the earth surface ( ;

). Due to this their application range is restricted. Nevertheless, ZnO shows poor quantum
efficiency which limits its industrial applications ( ; ).

Therefore, various methods have been reported to enhance the quantum efficiency of

15



photocatalyst by modifying it with carbon based nano-materials ( ;
). The modification of wide band gap photocatalyst with CQDs improves charge separation
and reduces charge recombination and, hence, enhance photocatalytic activity (

; ).

In a reported work, Miao and co-workers demonstrated the fabrication of CQDs decorated
porous TiO, photocatalyst for removal of methylene blue (MB) and N-benzylideneaniline (NB)
via sol-gel and ultrasonic-hydrothermal methods under visible light irradiation (

). CQDs/TiO; photocatalyst degraded 98 % of MB in 1 h and 30 % of NB in 2 h which was
higher than pristine meso-Ti-450 and CQDs. The presence of O, containing groups and aromatic
rings of CQDs contributed adsorption towards the MB and N-benzylideneaniline molecules on
photocatalyst composite. CQDs absorbed longer wavelength light (> 600 nm), emitted shorter
wavelength light in UV light range and excited TiO, to generate electrons and holes. The
electron reservoir and up-conversion properties of CQDs facilitated exploitation of visible light
and hindered recombination of e/h™ ( a) ( ). Ali and his co-workers
reported the synthesis of P25/CQDs photocatalyst for the removal of Rhodamine B (RhB),
methyl orange (MO) and 4-chlorophenol (4CP) under visible light. The composite photocatalyst
degraded 80 % of RhB, 40 % of MO, and 49 % of 4CP which were more than those of bare P25
(49 % of RhB, 33 % of MO and 46 % of 4CP). It was also reported that the formation of OH
radical played a vital role in the degradation of the dyes. b depicts a mechanism for
photocatalytic degradation of RhB, MO, and 4CP over P25/CQDs photocatalyst (

). Hydrothermal synthesis of CQDs modified TiO, photocatalyst composites was reported
using citric acid (CA) and glucose (G) as precursors for degradation of pollutant phenol under

UV light irradiation ( ). CQDs modified G/TiO; photocatalyst showed ~99 %

16



degradation ratio of phenol which was higher than that of CQDs modified CA/TiO,
photocatalyst. The n-7 interaction of CQDs and phenol was beneficial to absorption of phenol on
the surface of CQDs/TiO, photocatalyst. CQDs served as electron reservoirs and trapped
photogenerated electrons from the conduction band of TiO, (P25). Hence, CQDs accelerated the

separation of e-h" pairs and enhanced photocatalytic activity ( ) ( ).

< Please insert Fig. 7 here>
Li et al. synthesized CQDS modified ZnO photocatalysts via simple sol-gel methodology
along with a spin-coating process for photodegradation of Rhodamine B ( ). CQDs
modified ZnO photocatalyst with 4-layers showed 3 times more photocatalytic activity than bare
ZnO due to electronic interaction between CQDs and ZnO, increased separation of
photogenerated charge and enhanced transfer of e-h" pairs. The improved photocatalytic action
was mainly due to electron reservoir and up-converted behavior of CQDs ( a) (

). Muthulingam and co-workers conveyed the preparation of CQDs decorated N-doped ZnO
photocatalyst composites via single-step method for degradation of malachite green (MG),
methylene blue (MB) and fluorescein dyes under daylight irradiation ( ).
The degradation ratio of MG for CQDs/N-ZnO and N-ZnO photocatalyst was 100 % and 60 %
respectively, after 30 min. The degradation ratio of fluorescein dye over CQDs/N-ZnO
photocatalyst was 100 % after 30 min and over N-ZnO photocatalyst was 92 % after 60 min. The
wide range capability of photocatalyst facilitated higher charge efficiency, suppressed
photocorrosion and led to better photocatalyst for wastewater treatment ( b) (

). Ding and co-workers fabricated CQDs modified ZnO foam composite for
degradation of methylene blue (MB), methyl orange and Rhodamine B (Rh B) under visible and

UV irradiation ( ). The value of k for MB, MO and RhB were 0.0121, 0.0031
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and 0.0092 min"' respectively. The degradation of dyes was in order MO < RhB < MB. Due to
their up-conversion property, the CQDs improved the photocatalytic activity, as measured by
excitation wavelengths 600 to 850 nm. Also, CQDs acted as electron reservoir, photogenerated
electrons were transferred from ZnO surface to CQDs and recombination of e- h* pairs
suppressed efficiently ( ). Kaur and co-workers reported a facile procedure for
fabrication of CQDs modified ZnS photocatalyst composites via precipitation scheme for the
degradation of Alizarin Red S (ARS) dye under visible light ( ). The
photocatalytic activity of CQDs/ZnS photocatalyst for degradation of ARS dye was 89 % after
250 min that was higher than bare ZnS (63 %). When CQDs was introduced to ZnS, electrons
from conduction band (CB) of ZnS transferred to CQDs and resulted into an effective separation
of e-h" pairs. The photo-induced property of CQDs enhanced the photocatalytic activity,

improved interfacial charge transfers and suppressed charge recombination ( c) (

).

CQDs decorated BiOBr photocatalyst composite was fabricated by Ji and his co-workers
via hydrothermal route for degradation of Bisphenol A (BPA), Tetracycline (TC), and
Rhodamine B (Rh B) under visible light ( ). 3.1 wt % CQDs/BiOBr photocatalyst
showed the highest photocatalytic activity for TC degradation (60 %) after 120 min under visible
light illumination. 91.8 % of Rh B was degraded by 3.1 wt % CQDs/BiOBr photocatalyst
whereas only 22.7 % of Rh B was removed by bare BiOBr after 20 min. 3.1 wt % CQDs/BiOBr
photocatalyst degraded 73 % of BPA after 150 min which was higher than that of bare BiOBr.
Photodegradation activity for resultant photocatalyst of TC and Rh B was 4 times higher than
that of pristine BiOBr. The enhanced photocatalytic action is accredited to the synergetic effect

between BiOBr and CQDs. The CQDs acted as an electron reservoir to stimulate charge
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separation and transfer, suppressed recombination prospect and improved life span of e-h* pairs
( ). CQDs modified KNbO; photocatalyst composite was fabricated via
hydrothermal and mixed-calcination technique for the removal of crystal violet dye under visible
light illumination ( ). CQDs/KNbOs3 photocatalyst with a mass ratio of 1.5:0.5
degraded 70 % of crystal violet dye after 5 h whereas bare KNbO3 degraded only 41.5 % of dye.
Firstly, CQDs acted as up-conversion material and converted visible light to UV light due to
excellent up-conversion behavior. Secondly, CQDs used as co-catalyst and formed more active

sites on KNbO; surface due to excellent electronic conductivity ( d) ( ).

< Please insert Fig. 8 here>

6. CQDs modified narrow band gap (E, < 3) photocatalysts.

Due to easy generation of electrons and holes and having extremely negative reduction potential,
narrow band gap photocatalysts are noble photocatalytic material. However, their photocatalytic
action is limited due to low light absorption efficiency, restricted migration and high
recombination of electron and hole pairs. Thus, a suitable modification with carbon nano-
materials for these low band gap photocatalysts is essential. The modification of photocatalyst
with CQDs hinder recombination of photogenerated electrons and holes and ultimately enhance
photocatalytic activity. Liu and co-workers reported the fabrication of CQDs modified CdS
(CQDs/CdS) photocatalyst composites via a hydrothermal process for the degradation of dye
Rhodamine B (Rh B) under visible light irradiation by varying concentration of CQDs in
solutions containing glutathione ( ). The photo-degradation efficiency of Rh B
for CQDs/CdS photocatalyst and bare CdS was 90 % and 50 % respectively after 1 h under
visible light irradiation. The photocatalytic activity of CQDs/CdS was higher than that of bare

CdS because CQDs trapped electrons and hindered recombination of generated e-h* pairs. Also,
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up-converted property made resultant photocatalyst utilize visible light more effectively and
hence, increased photocatalytic activity ( a) ( ). In other studies, Sun et al.
reported the fabrication of CQDs decorated Bi,MoOs photocatalyst composite via a
hydrothermal process for photodegradation of Rhodamine B (RhB) and Methylene Blue (MB)
below visible light irradiation ( ). (0.1g) CQDs/Bi;Mo0Og photocatalyst composite
degraded 100 % of MB whereas bare Bi,MoO¢ removed only 91 % of MB after 120 min under
visible light irradiation. Also, 100 % and 85 % of Rh B was degraded by (0.1 g) CQDs/Bi,Mo0Og¢
photocatalyst composite and bare Bi,MoOg after 120 min under visible light irradiation. It was
stated that electron was excited from VB to CB by high energy photon and electrons in Bi;MoOg
transferred to CQDs quickly due to their outstanding electric conductivity. The enhanced
photocatalytic activity of resultant photocatalyst was attributed to the formation of a junction
interface between Bi,MoOg and CQDs which inhibited recombination of charge carriers (

b) ( ). CQDs modified Fe;O, photocatalyst composite was fabricated by Wang et
al. via the solvothermal method for the degradation of Methylene blue (MB) under visible light
irradiation ( ). (6.0) CQDs/Fes;04 photocatalyst degraded 100 % of MB after 15
min under visible light irradiation. The highly fluorescent CQDs assembled on Fe;O4 surface that
was essential for excellent optical properties and enhanced photocatalytic action. Up-conversion
behavior of CQDs, production of more e-h" pairs directed to increased photocatalytic
performance of CQDs/Fe;O4 photocatalyst ( ). Di et al. fabricated CQDs
modified Bi;WQOg photocatalyst composites via the hydrothermal method for degradation of
Rhodamine B (Rh B), bisphenol A (BPA), tetracycline hydrochloride (TC), and ciprofloxacin
(CIP) under visible light ( ). CQDs/Bi,WOg¢ degraded 87 % of CIP after 120 min.

CQDs/Bi;WOg showed 1.8 times more degradation rate for removal of Rh B than bare Bi,WOg¢
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after 30 min under visible light irradiation. Results disclosed that CQDs/Bi,WOg showed the
highest photocatalytic activity than bare Bi,WOg for degradation of TC and BPA. When Bi,WOg¢
contacted with CQDs to form composite, photogenerated electrons on CB of Bi,WOg transferred
to CQDs and CQDs initiated e - h* pairs separation. Due to electron reservoir and up-converted
behavior of CQDs, the photocatalytic performance of photocatalyst enhanced ( c) (

). CQDs modified Cu,O photocatalyst composite was fabricated for the degradation of
methylene blue (MB) under near-infrared light illumination ( ). The amount of
CQDs in photocatalyst affected photocatalytic action of CQDs/Cu,O photocatalyst. 90 % of MB
was degraded by (7.16 wt %) CQDs/Cu,O photocatalyst and when the content of CQDs
increased, the degradation rate for MB decreased to 88 %. This happened due to an extra amount
of CQDs which blocked e-h" pairs from reacting with O,/OH™ usually and produced active
oxygen radicals (O,, OH). The resultant photocatalyst showed excellent photocatalytic activity
due to the combined effect of light reflecting the capacity of Cu,O and up-converted PL behavior

of CQDs ( ).

< Please insert Fig. 9 here>

7. CQDs modified heterojunction photocatalysts

Solvothermal synthesis of a CQD modified BiOCl/BiOBr heterojunction for the
degradation of organic pollutants bisphenol A (BPA), rhodamine B (Rh B), ciprofloxacin (CIP),
and tetracycline hydrochloride (TC) under visible light irradiation was reported ( ).
5 % wt. of CQDs/BiOCI/BiOBr displayed maximum photocatalytic action for degradation of
RhB, TC, CIP and BPA that was 2.1, 2.8, 3.0 times more than that of BiOCIl/BiOBr, BiOBr,
BiOCl respectively. After the introduction of CQDs, excited electrons on CB of BiOCIl/BiOBr

transferred to CQDs which resulted into a high separation of e- h* pairs. Thus, enhanced
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photocatalytic activity was due to photocurrent analysis, up-converted PL and electron reservoir
behavior. The photocatalytic and charge transfer mechanism of resultant heterojunction is
discussed in a( ). Pan et al. stated synthesis of Z-scheme CQDs modified
CdS/BiOClI heterojunction via region-selective deposition route for degradation of phenol and
Rhodamine B (Rh B) under visible light ( ). The bare BiOCl degraded only 42 %
of phenol after 2 h and CQDs/CdS/BiOCI heterojunction degraded 99.5 % of phenol within 105
min under UV light illumination. The degradation rate constant for synthesized heterojunction
for degradation of Rh B and phenol was 0.056 cm” and 0.0385 cm™' respectively. CQDs
transferred the photogenerated electrons in CB of BiOCl to VB of CdS which improved
photogenerated - h* pairs separation and performance of optical absorption of BiOCI under
visible light. The above photocatalytic action of heterojunction attributed to exceptional redox
ability in Z-scheme system and b illustrated charge transfer in CQDs/CdS/BiOCl
heterojunction ( ). TiO,/BiOl/CQDs (TBC) heterojunction was fabricated by Qu
et al. for degradation of methyl orange (MO) under visible light ( ). It was also
stated that TBC heterojunction exhibited the highest kinetic apparent rate constant (Kapp) (90 %)
for degradation of MO dye. TBC heterojunction showed 2 times more photocatalytic activity for
removal of MO than of TiO,/BiOl, TiO,/CQDs and TiO,. TBC heterojunction showed excellent
photocatalytic activity due to the synergetic effect between CQDs and BiOl. CQDs acted as
electron reservoir, led to fast transfer and low recombination of photogenerated e - h* pairs. The
photocatalytic mechanism of TBC heterojunction is explained in c ( ).
Chen et al. reported the fabrication of CQDs modified Ag/Ag,O heterojunction for degradation
of Rhodamine B (Rh B) and Methylene blue (MB) under UV light irradiation ( ).

The photodegradation efficacy of MB over CQD/Ag/Ag,0 heterojunction was 95 % after 80 min
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which was superior to CQDs/Ag,0 (82 %), Ag/Ag,O (63 %) and Ag,O (45 %) after 60 min
under UV radiation. The photodegradation rate of RhB over resultant heterojunction was 48 %
after 150 min under N(IR) illumination. No or low degradation of RhB was observed for
CQDs/Ag0, Ag/Ag,0, and Ag,O. The enhanced photocatalytic activity was attributed to SPR
effect, electron reservoir and up-converted PL properties of CQDs. The heterojunction provided

electron pathway, Ag,O — CQDs — Ag for effective e- h" pairs separation ( d) (

).

< Please insert Fig. 10 here>

Zhang and co-workers prepared CQDs/Ag/Bi,0,CO;3; heterojunction for removal of
Methylene blue (MB) and Bisphenol A (BPA) under solar, UV, visible light irradiation. 3-
CQDs/Ag/B1,0,CO3 heterojunction degraded 93.85 and 54.88 % of MB and BPA respectively,
under visible light irradiation ( ). Also, 3-CQDs/Ag/Bi,0,CO3 heterojunction
degraded 73.75 % of MB under UV light irradiation and 99.25 % of MB under solar light
irradiation. The synergetic effect of up-conversion behavior of CQDs and surface plasmon
resonance (SPR) from Ag improved full spectra absorption, charge transfer for
CQDs/Ag/B1,0,CO3 heterojunction in wastewater treatment and enhanced photocatalytic action
of CQDs modified Ag/Bi,0,COj3 heterojunction under solar light ( a) ( ).
Li and co-workers reported the fabrication of CQDs modified Bi/BiOCl/TiO; heterojunction via
solvothermal method followed by a hydrothermal process for removal of methyl orange (MO)
and p-nitrophenol (PNP) under visible light irradiation ( ). About 82 % of PNP was
degraded after 240 min by CQDs/Bi/BiOClI/TiO, which was 10.3 times more than that of

BiOCI/TiO;,, Also, 94 % of MO was degraded after 100 min by CQDs/Bi/BiOCl/TiO, which was

4.8 times more than that of BiOCI/TiO,. CQDs and Bi co-catalyst served as electron donors,
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TiO; and BiOClI acted as electron trappers to increase the lifetime of photogenerated e-h" pairs.
The up-conversion and electron reservoir properties of CQDs, SPR effect of Bi co-catalyst
played an important role in enhanced photocatalytic action of heterojunction ( b) (

). CQDs modified TNTs heterojunction were fabricated via the hydrothermal method for
photodegradation of Methylene blue (MB) under visible light irradiation ( ).
CQDs/TNTs showed the highest photocatalytic activity and degraded 91.3 % of MB after 50 min
under visible light illumination that was 2 times more than that of bare TNTs. CQDs with
excellent up-conversion property converted longer wavelength light (> 600 nm) into shorter
wavelength light (< 600 nm) and hence, activated TNTs to generate e-h" pairs. CQDs captured
the generated e-h" pairs and increased their lifetime. The n-n interaction between CQDs and
benzene resulted in enhanced absorption performance of CQDs/TNTs photocatalysts ( C)
( ). CQDs modified hydrogenated TiO, nanobelt heterojunction were fabricated
by Tian et al. for removal of Methyl orange (MO) under UV irradiation, visible irradiation and
Near Infrared Radiation (NIR) ( ). CQDs/H-Ti0, degraded more than 86 % of
MO within 225 min under UV light illumination which was higher than that of P25 and bare
TiO; nanobelts. Under visible light irradiation, CQDs/H-TiO, degraded 50 %, H-TiO; nanobelts
45 %, P25 26 % and bare TiO, 17 % of MO within 25 min. Also under NIR light irradiation,
CQDs/H-TiO; heterojunction degraded 32 % of MO after 120 min whereas H-TiO, nanobelts,
P25 and bare TiO, showed no or less degradation of MO. When CQDs introduced to H-TiO,
belt, photocatalytic activity of heterojunction was enhanced by promoting separation of
photogenerated e-h* pairs due to electron reservoir property of CQDs. Due to its up-conversion
property, CQDs absorbed longer wavelength NIR light (4700 nm) and emitted shorter

wavelength light (390 to 564 nm) and successively excited H-TiO, belt to form e -h" pairs (
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). CQDs modified hydrogenated —y —TaON heterojunction for degradation of

Rhodamine B (Rh B) and Acid orange 7 (AO 7) under UV-visible-NIR light illumination (
). Under UV light irradiation, CQDs/H—y —TaON degraded 98 % of RhB after 140
min and 99 % of AO 7 after 100 min which was higher than of H—y —TaON (80 % Rh B and 90
% AO 7) andy —TaON (64 % Rh B and 80 % AO 7). Under visible light irradiation,
CQDs/H—y —TaON heterojunction degraded 88 % of RhB after 140 min and 90 % of AO 7 after
100 min which was higher than of H—y —TaON and y —TaON. Also under NIR light irradiation,
CQDs/H—y —TaON heterojunction degraded 61 % of RhB after 140 min and 66 % of AO 7 after
100 min which was higher than that of H—y —TaON (30 % Rh B and 50 % AO 7) and y —TaON
(22 % Rh B and 34 % AO 7). CQDs acted as electron reservoir and trapped electrons produced
from hydrogenated —y —TaON under UV-visible light irradiation. This prevented recombination
of e-h" pairs, increased charge separation and enhanced photocatalytic action of heterojunction.
Also, CQDs absorbed longer wavelength light, then emitted shorter wavelength light due to its
up-conversion behavior. In turn, CQDs excited the hydrogenated —y —TaON to form e-h" pairs
and improved NIR photocatalytic properties. The photocatalytic action of CQDs/H—y —TaON

heterojunction under UV-visible-NIR light illumination is shown in d( ).

< Please insert Fig. 11 here>

N-CQDs modified AgzPO4/BiVO, heterojunction was synthesised by Zhang and co-
workers for the degradation of Tetracycline (TC) under visible light irradiation (

). After 90 min visible light irradiation, 59.8 % and 24.3 % of TC were removed by N-

CQDs/AgzPO4/BiVOs-10 heterojunction and BiVOs, respectively. The value of k for TC

removal by N-CQDs/Ag;PO4/BiVOs-10 heterojunction was 1.80, 2.78 and 6.0 times more than
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that of AgzPO4/BiVO,4, N-CQDs/BiVO,4 and BiVO, respectively. The photocatalytic activity of
Z-scheme BiVO4/N-CQDs/Ag;PO4 heterojunction was higher than Type-II BiVO4s/AgPO4
heterojunction. The introduction of N-CQDs and Ag;PO4 on BiVOy surface resulted in enhanced
visible light absorption capability. N-CQDs acted as a photosensitizer and their molecular
oxygen activation ability contributed to increased photocatalytic degradation action. The
proposed mechanism of e- h" pairs separation in N-CQDs modified AgzPO4/BiVO,
heterojunction is explained in a ( ). A Z-scheme N-CQDs modified
Bi,04 heterojunction was fabricated for degradation of phenol and Methyl orange (MO) under
visible light irradiation ( ). The results revealed that 3-N-CQDs/Bi,04 showed the
highest photocatalytic performance for removal of MO and phenol, i.e. 97.4 % after 30 min and
96.8 % after 120 min respectively. The improved photocatalytic activity of N-CQDs/Bi,04
heterojunction is ascribed to enhanced light harvesting ability and formation of Z-scheme
heterojunction between CQDs and Bi»O4. Hence, it promoted the effective separation of
generated e-h" pairs and enhanced molecular oxygen activation capacity. It was also reported
that for improved photocatalytic action of heterojunction, a suitable amount of N-CQDs on Bi,04
was important, 1.e. excess of either photo-system I (PS I) or photo-system II (PS II) component
declined photocatalytic activity. The photocatalytic mechanism of Z-scheme N-CQDs/Bi,04
heterojunction under visible light is shown in b ( ). CQDs modified
ZnIn,S, flowerlike heterojunction was fabricated by Liu et al. via a solvothermal process for the
reduction of Cr (VI), Methyl orange (MO) and rhodamine B (Rh B) under visible light
irradiation ( ). 0.5-CQDs/ZnIn,S4 showed the highest photocatalytic behavior for
reduction of Cr (VI) and was 93 % after 40 min visible light irradiation. The photocatalytic

reduction of MO and Rh B over 0.5-CQDs/ZnIn,Ss was 96 % and 95 % respectively. The
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synergetic effect of CQDs and ZnIn,S4 improved separation efficiency and prolonged lifetime of
charge carriers, hence enhanced photocatalytic activity. Also due to up-conversion behavior
CQDs absorbed longer wavelength light, emitted shorter wavelength light and excited ZnIn,S4
for formation of e-h" pairs ( ). Zhang et al. fabricated CQDs/Ag;PO, and
CQDs/Ag/AgsPO4 complex photocatalysts with improved photocatalytic action for degradation
of methyl orange (MO) under visible light irradiation ( ). Among both
photocatalysts, CQDs/Ag/Ag;PO, exhibited higher photocatalytic action and degraded entire
MO dye in 10 min under visible light radiation. CQDs/AgsPO4 and bare Ag;PO4 photocatalyst
degraded the dye in 25 min and 55 min, respectively. CQDs acted as electron reservoir to trap
electrons emitted from Ag;POs nanoparticles under visible light irradiation. Due to its up-
conversion property, CQDs absorbed visible light and emitted shorter wavelength light (300 -
530 nm) which further excited AgsPO, to produce e- h™ pairs. The insoluble CQDs layer on
Ag;PO, surface protected AgsPO4 and Ag/Ag;POy4 from dissolution in an aqueous medium.
Also, CQDs protected AgzPO4 and Ag/Ag;PO4 from photo-corrosion through electron transfer
process and enhanced stability of CQDs/Ag;POs and CQDs/Ag/Ag;PO4. The diagram
representation of high photocatalytic activity and stability of CQDs in CQDs/Ag;POs

heterojunction is explained in Fig. 12¢ ( ).

< Please insert Fig. 12 here>

8. Conclusive outlook

In the present review, we mainly focus on CQDs modified conventional semiconductor
photocatalysts for water treatment. Although attempts been made to explore the mechanism of
CQDs based photocatalysis, there is still demand throwing more light on the role of CQDs in

photocatalytic process. The following conclusive points can be drawn from this review:
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In the case of CQDs modified narrow band gap photocatalyst, electron mediator nature of
CQDs caused effective separation of photogenerated electrons-hole pairs.

The up-conversion photoluminescence (UCPL) properties of CQDs facilitated the higher
visible -NIR light activity in wide band gap photocatalysts.

In Z-scheme photocatalyst, CQDS act as mediator for transfer for photogenerated
electrons from CB of oxidative photocatalyst to VB of reductive photocatalyst.

The mn-m interaction of CQDs are mainly responsible for enhanced adsorption of organic
pollutants onto CQDS modified photocatalytic system.

In order to minimize recombination of the photogenerated electron-hole pair, Z-scheme
heterostructure involving CQDs meditated electron transfer should be preferred over
conventional photocatalytic systems. The enhancement mechanism is greatly influenced
by light source used for activation of a photocatalyst.

Although attempts have been made to explore the mechanism of CQDs based
photocatalysis, there is still demand for throwing more light on the role of CQDs in
photocatalytic process.

CQDs modified photocatalysts should have high recyclability over repeated catalytic
cycles with no significant loss in catalytic activity. For quick separation and higher
recyclability, magnetic photocatalysts can be combined with CQDs for practical
applications of CQDs modified photocatalysts.

Some structural and chemical manipulations of CQDs, like doping and incorporation of
suitable functional groups to their surface, can be exploited as a tool for tuning their
properties and, therefore, preparing more suitable CQDs modified photocatalysts in the

future works.
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Fig . 1 (a) Number of Publications per year on carbon quantum dots based photocatalyst
from 2008 to 2018 on dated 25 Nov, 2018. (b) Various photo catalytic applications of carbon

quantum dots ( Search engine, Scopus, key word Carbon quantum dos + photocatalyst).
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Fig. 2. (a) Basic photocatalytic mechanism of a photocatalyst depicting degradation of
organic pollutants present in water (With permission from Elsevier, license number
4471830715641)

(b) Band-edge positions and potentials for different redox couples in water of semiconductor

photocatalysts (With permission from ACS publications).
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Fig. 3. (a) Quantum confinement effect of carbon quantum dots and their associated n-m*
transition (b) Schematic illustration of size tunable optical properties of carbon quantum

dots depicting increase in emission wavelength with increasing carbon quantum dots size

(With permission from Elsevier, license number 4471831400246, 4471840225940).
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narrow band gap semiconductor photocatalysts in which CQDs act as an electron reservoir

and up-conversion agent.



Fig. 6. Mechanism of photogenerated electron transfer in (a) Traditional Z-scheme (b) Direct

Z-scheme and (¢) CQDs mediated AAS Z-scheme photocatalyst.
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permission from Elsevier, license number 4517561187973, 4517570033645 and Royal

Society of Chemistry).






Table

Table 1. Previous researches in the application of CQDs modified composites/ heterojunction

photocatalysts for exclusion of impurities present in wastewater.

Composite/ Method of Reaction conditions Effect of CQDs Pollutan | Degradation Referenc
synthesis ts time and light es
heterojunction source
CQDs/TiO, | hydrotherma CQDs/TiO,: P25 + Degradation rate of Cr(VD) 60 min, Choi et
1 ethanol + TiO,, 140 | 3 % C/TiO, is times visible light | #2018
°Cfor4h higher than that of with cut off
pristine TiO, filter (420 nm)
CQDs/TiO, CQDs: TiO,: L-Ascorbic 5 % CQDs/meso- MB 60 min, 1000 Miao et
ultrasonic- acid, titanium T;450 removed 98 W halogen al., 2016
hydrotherma isopropoxide + 1- o MB and 10% lamp with
Y prop P25 )
I butanol + P123, 120 cutoff filter (A
°C for 4 h ; CQDs: L- > 450 nm)
TiO,. sol-gel | Ascorbic + ethanol,
160 °C for 4 h.
CQDs/ZnO Sol gel CQDs: Graphite Degradation rate of Rh B 2h,18 W Lietal,
powder + H,SO4 + (4 layers) ultraviolet 2013
HNO; + Na,CO; ( to CQDs/ZnO was 3 lamp cutoff
adjust pH), stirred at times more than filter (A > 365
80 °C for 24 h bare ZnO nm)
CQDs/ZnO :
Zn(NO3),-6H,0 +
CH;0CH,CH,0H
annealed at 500 °C
for 30 min
CQDs/ZnO | cQDs/Zn0O: | CQDs: D-fructose + CQDs/ZnO (200 Rh B 105 min, Bozetine
hydrotherma | NaOH, heated at 50 °C) degraded 94 % xenon arc etal,
| method °C  for 30 min of RhB lamp (L >420 | V1O
nm)
CQDs/ZnO :
Zn(CH;COO0),. 2H,0
+ CQDs, heated at 80
°Cfor3h
CQDs/BiOBr | hydrotherma [Cmmim]Br + Photodegradation TC, 300 W Xenon Jietal.,
! Bi(NO3);.5H,0 + | for CQDs/BiOBr of BRE’E’ lcﬁlr;‘(l)’ffwtllt]}t‘ef 2018
HNO; (to adjust pH), | TC and RhB was 4 ((. = 400 nm)
stirred at RT for 0.5 | times that of pristine

h, heated at 140 °C

BiOBr




for 24 h

heated at 160 °C for 6
h

CQDs/Bi,WO | CQDs/Bi,W CQDs/Bi,WOg: Degradation rate of RhB, Rh B: 30 min, | Dietal.,
6 Og: Na,WO0,.2H,0 + 2 % CQDs/Bi,WOg CIP, CIP: 120 min, 2015
Hydrotherm Bi(NO3)3.5H,0 + is 1.8 times more TC, 300 W xenon
al CQDs + HNO;, 140 than that of Bi,WOg BPA lamp (400 nm
°Cfor24h cutoff filter)
CQDs/CdS CQDs: CQDs: ethanol + Degradation Rh B 1h, 300 W Liu et al.,
electrochemi water + NaOH + efficacy of RhB was tqngsten 2013b
cal graphite rods + halide lamp
MgSO,, stirred for 20 | found to be about with cutoff
CQDs/CdS : min 90 % with 1 % filter (A )> 400
hvdrotherma C/CdS and 50 % nm,
g ) CQDs/CdS: with bare CdS
Cd(NO3),.4H,0 +
thiourea +
glutathione, heated at
200 °C for 3.5 h
CQDs/Bi,Mo | CQDs/Bi,M | CQDs: glucose + DI, Degradation of RhB, 300 W xenon Sun et
Og 00g: heated at 160 °C for 6 RhB: 100 % over MB lamp (A >420 | al., 2017
Hydrotherm h CQDs/Bi,MoOg nm)
al (0.1glucose) and 85
Bi,MoO: % over bare
Bi,MoOg: Bi(CH,COOH),.5H, Bi,M0Og
solvotherma 0+
1 (NH,),Mo,0,,.4H,0 MB: 100 % over
+ urea (in ethanol), | €QDs/Bi:MoOs and
heated at 160 °C for | 01 % over bare
10h Bi,MoOg¢
CQDs/Bi,MoOg:
Glucose + Bi;MoOg,




CQDs/KNbO; hydrothgrma CQDs: L-Ascorbic degradation rate for crystal 5h, 300 W Quetal.,
ljigigzézg- acid + glycol, heated CQD/KNbO; of violet Xenon lamp 2018b
at 160 °C for 70 min | crystal violet was 70 with cut-off
% and 41.50 % for filter
CQDs/KNbOs: pure KNbO;
KNbO; + CQDs
solution, stirred at RT
for 30 min
CQDs/BiIOCY | cQDs/BiOC | CQDs: Citric acid + 5wt % RhB, | 250 W Xenon | Huctal.
BiOBr I/BiOBr: ethylene diamine, | CQDs/BiOCI/BiOB | TC, lamp with a 2018
solvent- heated at 200 °C for 5 r composite have BPA, 400 nm cutoff
thermal h 2.1,2.8 and 3.0 CIP filter
times higher
CQDs/BiOCI/BiOBr : | degradation abilities
CQDs + than BiOCl/BiOBr,
Bi(NO,);.5H,0 + BiOBr and BiOCI
mannitol solution +
[C,mim]Cl +
[C,mim]Br, heated at
140 °C for 24 h
CdS/CQDs/Bi CQDs: CQDs: glucose + DI, | degradation ratio of RhB 105 min Pan et al,,
ocl hydroﬁherma heated at 160 °C for 3 phenol for l?:r?ol (phenol), 500 | V18
h CdS/CQDs/BiOCl P W Xenon
CdS/CQDs/ was 99.5 %. lamp with 400
BiOCl: CdS/CQDs: TGA + nm cut off
region- CdCL.2.5H,0 + filter and 500
ds{:;izzg:n NaOH (to adjust pH), W mercury
stirred at 60 °C for 1 lamp
h
CdS/CQDs/BiOClI:
CQDs/BiOCI powder
+ DI + CdS/CQDs
solution +
CQDs/BiOCl
CQDs/Ag/Ag, CQDs: CQDs: glucose+ | CQDs/Ag/Ag,Ohad | MB, 80 min, 250 | Chenet
0 ultrasonic | NaOH, ultrasonic for 40 % improved RhB W xenon lamp | 12010
3 h + HCI (pH=7) photocatalytic as visible light
CQDs/Ag/A action compared to source, 150 W
2,0: CQDs/Ag/Ag,0: pure Ag,O infrared lamp
precipitation AgNO; + CQDs as NIR light
solution + NaBH,4 + source

NaOH (pH=11)




TiO2/BiOl/C CQDs: TBC: TiO,, CQDs + TBC showed 2 MO 500 W xenon | Quetal,
QDs (TBC) Hydrotherm | EG Solution + BiNO; times more Jamp 2018a
al + K1, stirred for 1 h at deoradation rat
egrada e
RT, kept at 40 °C for than P25
3h
Ag/CQDs/Bi, | Ag/CQDs/B Bi,0,C0O5: 5H,0 + Ag/CQDs/Bi,0,CO | MB,BP Mercury Zhang et
0,CO; 1,0,CO;: Citric acid + HNO; + 3 showed 1.91, A lamp, metal al., 2019
photochemic NaOH 11.74, 6.28 times halide lamp
al reduction more degradation with filter
Ag/ Bi;0,CO;: rate than Bi,0,CO:;. (420 nm ) and
Bi,0,CO; + AgNO;3, without filter
60 °C for 12 h
Bi/BiOCI/TiO CQDs: BiOCV/TiO,: Degradation rate of MO, MO: 100 min, Lietal.,
»/CQDs Solvotherma Bi(NOs);-5H,0 + Bi/BiOCI/TiO,/CQ PNP PNP: 240 nm, 2018
(BBTC) 1, TiCly + ethylene Ds was 10.3 and 4.8 500 W xenon
- . glycol (+ KCI) + times more than Jamp
Bi/BIOCUTi |  PVP, heated at 180 BiOCI/TiO,
0,/CQDs °C for 8 h
:hydrotherm
al BBTC: BiOCl/TiO, +
citric acid + ethylene
diamine, heated at
180 °C for 8 h
CQDs/Ag/Ag; | CQDs: CQDs: NaOH + Photocatalytic MO 10 min, 150 | Zhane et
PO, electrochemi ethanol + graphite action of CQDs/Ag/ W xenon lamp al., 2012
cal rods + MgSQ,, stirred Ag;PO, was 5.5 of (A <420
for 20 min, CQDs times that of nm or 700
obtained from silica- Ag;PO, nm)

gel column-

chromatography

CQDs/Ag/AgzPOy:
CH;COOAg + PVP +
CQDs + Na,HPO,,
refluxed at 90 °C for
3h




